Sonoluminescence (SL) is light emission under high-temperature and high-pressure conditions of a cavitating bubble under intense ultrasound in liquid. In this review, the fundamentals of the interactions between the sound field and the bubble, and between bubbles are explained. Experimental results on high-speed shadowgraphy of bubble dynamics and multibubble SL are shown, demonstrating that the SL intensity is closely related to the bubble dynamics. SL studies of alkalimetal atom (Na and K) emission are summarized. The spectral measurements in solutions with different noble-gas dissolutions and in surfactant solutions, and the results of spatiotemporal separation of SL distribution strongly suggested that the site of alkali-metal atom emission is the gas phase inside bubbles. The spectral studies indicated that alkali-metal atom lines are composed of two kinds of lines: a component that is broadened and shifted from the original D lines arises from van der Waals molecules formed between alkali-metal atoms and noble-gas atoms under extreme conditions at bubble collapse. The other spectral component exhibiting no broadening and no shift was suggested to originate from higher temperature bubbles than those producing the broadened component.
Introduction
The irradiation of liquid with a high-intensity ultrasound causes acoustic cavitation, i.e., the formation and oscillation of bubbles. The expansion and contraction of bubbles occur in phase with the sound pressure, generating high-temperature and high-pressure conditions at bubble collapse in the process of adiabatic compression [1] [2] [3] [4] . The violent bubble oscillation induces the formation of hydroxyl (OH) radicals and sometimes an emission of luminescence (sonoluminescence, abbreviated as SL). Frenkel and Schultes 5) discovered that a faint luminescence accompanied the fogging of a photographic plate immersed in a water bath, which was subjected to a high-intensity ultrasound. The term "sonoluminescence" was named by Harvey 6) , who explained that the luminescence was caused by electrical discharge at the collapse of charged bubbles. Several theories have been proposed for the mechanism explaining the SL emission, including the electrical microdischarge theory, the mechanochemical theory, the triboluminescent theory, the chemiluminescent theory, the hot spot theory, and the shock wave theory 1) . At present, the hot spot theory is widely accepted. Owing to the quasi-adiabatic process of bubble oscillation, high-temperature and high-pressure conditions inside the bubble are achieved. These conditions produce ionization of noble-gas molecules, resulting in bremsstrahlung (break radiation in English) 2) .
The dynamics of acoustic cavitation bubbles has been extensively investigated 7, 8) . Equations governing the spherical oscillation of a single bubble include the famous Rayleigh-Plesset equation.
Acoustic field bubble and bubble bubble interactions are described by the primary and secondary Bjerknes forces 9) , respectively, causing bubbles to self-organize into various structures, such as filaments, jellyfishes, streamers, clusters, and clouds. The occurrence of multibubble sonoluminescence (MBSL) is greatly affected by the bubble dynamics, which depends on acoustic frequency and acoustic pressure. The spatial distribution of MBSL is determined by acoustic-field distribution.
The application of acoustic cavitation to chemistry has been studied since the famous work by
Wood and Loomis 10) in 1927. The chemical effect by acoustic cavitation is called sonochemistry 11, 12) , which deals with phenomena and reactions induced by radicals formed in and around bubbles from the thermal decomposition of molecules and by shock waves generated by rapidly released localized pressure. The extraordinary high temperature and pressures together with the heating and cooling rates above 10 10 K/s at bubble collapse provide a high-energy reaction field. Nowadays, the area of sonochemistry extends to biological [13] [14] [15] [16] , medical [17] [18] [19] , environmental [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , food technologies 30) , and others.
This review presents the fundamentals of bubble dynamics and recent studies on MBSL in relation to bubble dynamics. Furthermore, MBSL studies of alkali-metal atom lines are extensively described.
Alkali-metal atom ions (Na+ or K+, for example) in solution are nonvolatile and hence do not enter bubbles directly. The site of alkali-metal atom lines has been an issue in question for a long time.
Acoustic bubble and bubble dynamics
The expansion and contraction of bubble under ultrasound irradiation can be formulated using the Rayleigh-Plesset equation 1) . On the basis of this equation, Keller and Miksis 31) derived a similar equation for large-amplitude forced radial oscillations of a bubble as follows.
(1)
Here, R is the instantaneous bubble radius and R0 is the ambient radius. P0 and P(t) are the static and sound pressures in liquid, respectively. is the surface tension, c is the sound velocity, is the density, and is the viscosity of the liquid. Pg0 is the initial value of gas pressure in the bubble, and is the polytropic index. The value of takes an intermediate value between the ratio of the specific heat of the gas and unity, depending on whether the gas is behaving adiabatically, isothermally, or in some 
Here, T0 and Pg0 are the temperature and pressure, respectively, of gas in the bubble in the absence of a sound field. The calculations utilizing Eqs. (2) and (3) with typical parameters give Tmax≈ 20,000 K and P_max≈1000 atm. These values may be overestimated, since the perfect adiabatic process 
would not be realized. Furthermore, water vapor and gases inside bubbles lower the maximum temperature. The thermal decomposition of water molecules generates hydroxyl and hydrogen radicals and these reactions consume energy, resulting in a decrease in the temperature. For example, adding a small quantity of alcohol molecules decreases the SL intensity, because the bubble final temperature decreases owing to the thermal decomposition of alcohol molecules that evaporated into bubbles 33) . However, Eqs. (2) and (3) give a rough indication of where the maximum temperature and pressure are located. The generation of bubbles by acoustic cavitation is elucidated as follows. Bubble nuclei adhered to dust in a liquid, or to a container wall, grow into small bubbles by the rectified diffusion of gas dissolved in the liquid under acoustic pressure. These bubbles are denoted as "growing bubbles" in Sound field-bubble interaction is called primary Bjerknes force. The force acting on a bubble under acoustic field is given by
where V(t) is the time-dependent bubble volume, ∇ is the gradient of acoustic pressure and ‹› stands for the time averaging operation during an acoustic cycle. In a standing wave field, the bubble moves towards antinode of the acoustic field if the bubble is smaller than the resonant size 34) . Figure 3 illustrates a photograph of SL emitted from those bubbles positioned in antinodes established in a cylindrical container. Sample liquid is water dissolved with argon gas. An acoustic frequency is 151 kHz.
Oscillating bubble 1 emits sound, which acts on another bubble 2. This bubble-bubble interaction is called the secondary Bjerknes force:
where is the volume of bubble 2, and p1 is the acoustic pressure from bubble 1. ̇ and ̇ are the volume change rates of two bubbles, r is the distance between the two bubbles, and is the density 
Dependence of sonoluminescence on bubble dynamics
The intensity of multibubble SL depends on bubble dynamics, which is dependent on acoustic frequency, pressure amplitude, and acoustic-field geometry. Henglein and Gutierrez 35) demonstrated that the yield of iodine during KI oxidation due to OH radicals showed a maximum when measured as a function of acoustic power. Hatanaka et al. 36) observed that the MBSL intensity decreases at high powers at 132 kHz. Tran et al.37) reported that liquid height is an important factor causing mechanical and chemical effects at 20 kHz. Uemura et al. 38) showed that an acoustic streaming also influences the SL intensity.
Lee and Choi 39) investigated the power dependences of SL intensity in relation to the corresponding bubble dynamics. They observed SL intensity in water at a frequency of 84 kHz by integrating the whole SL image pixels captured by a digital camera. The power dependence of the SL intensity showed a maximum and then decreased to zero as shown in Fig. 6 . The reduction in SL intensity was confirmed in the three cases of a free liquid surface, a liquid surface covered with PET film, and a stainless steel plate surface, indicating that surface deformation due to acoustic radiation K at bubble collapse 2, 3) . This is called the hot spot model. The temperature inside bubble is almost homogeneous across the bubble radius. The high temperature produces hot plasma (electrons and ions)
by the ionization of argon atom, which is contained in air by an amount of 0.9%. A bremsstrahlung caused by the slowing down of electron speed is the origin of single-bubble SL (SBSL). The spectrum of SBSL is continuous and very broad extending from ultraviolet to near infrared wavelengths.
Alternatively, shock waves may be generated if the bubble wall velocity exceeds sound velocity in a gas inside the bubble. This is a possible mechanism for establishing the high temperature condition.
The temperature attained by this shock wave model can be 10 5 10 6 K. In the studies of SBSL in sulfuric acid, Suslick and coworkers 40, 41) reported that the atomic emission of noble gas was observed,
suggesting that a hot optically opaque plasma is formed in the bubble core, the temperature of which is not explained by the hot spot model.
Molecular emission from electronically excited state of hydroxyl (OH) radical can be observed in SBSL. Young et al. 42) found the weak OH line at 310 nm from water at very low acoustic pressure.
Xu and Suslick 43) estimated the temperature of OH emission by the comparison of experimental spectra obtained in phosphoric acid with synthetic rovibronic spectra of A 2 ∑ + X 2 transition. Figure   8 shows the result of OH spectra from 65% phosphoric acid dissolved with various noble gases. The estimated temperatures were 6000, 7200, 8300 and 9600 K for He, Ne, Ar and Kr dissolution, respectively. The temperature increases with increasing atomic mass of noble gas, which corresponds to the decreasing order of the thermal conductivity. When a bubble undergoes compressional heating, the extent of adiabaticity will depend on the thermal conductivity of the gas in the bubble. Thus, the thermal conductivity affects the thermal transport from the heated gas to the cold surrounding liquid.
A noble gas with small thermal conductivity will increase the SL intensity.. clearly suggest the different bubble populations of Na and the continuum emissions. They also showed that the time separation of SL pulses of Na and the continuum emission indicated that the bubbles radiating Na emission are larger in size and lower in temperature at collapse compared with those radiating the continuum emission. 
Mutibubble sonoluminescence from alkali-metal salt solution
It is important to clarify the mechanism for the SL of nonvolatile metal ions, which will be very useful for understanding the sonochemistry of nonvolatile species in aqueous solution. SL from an aqueous solution of alkali-metal salt such as NaCl or KCl has long been a topic of interest 45) since
Günther et al. 46) found Na D lines in their MBSL study in 1957. To observe Na emission of D lines at 589.0 and 589.6 nm, Na+ ions dissolved in water must be reduced at some location. The site of Na emission has been discussed. There are two possibilities of the origin: the gas phase inside bubbles or the hot liquid phase at the liquid/bubble interface. Unlike alcohol or water molecules, nonvolatile species such as Na+ ions hardly enter the bubble interior by evaporation. On the basis of the gas phase origin, Sehgal et al. 47) reported the first experimental estimates of cavity temperature and pressure from the line broadening and shift of Na and K atom emissions in argon-saturated alkali-metal salt solutions sonicated at 460 kHz. The resonance line of emitting species undergoes pressure-induced broadening and shift due to the perturbation of its energy levels by neighboring atoms. Sehgal et al.
obtained a relative density of 36, from which the emission temperature of 3400 K and the pressure of 310 atm were deduced.
Flint and Suslick 48) investigated the effects of solvent vapor pressure and dissolved-gas thermal conductivity on the line width and shift of K emission in primary alcohols and in water. The effect of a dissolved gas or impurity on alkali-metal atom emission provides important information about the site of the emission. The line width and peak position were independent of the change of the dissolved gas, although the cavitation condition was affected by the change of the dissolved gas. Flint and Suslick proposed that alkali-metal atom emission arises from rapidly heated fluid immediately surrounding the collapsing bubble.
Conversely, Lepoint-Mullie et al. 49) suggested the gas-phase origin from the results on noblegas dependence of Rb line. They observed the spectra of blue satellite peak of Rb line in RbCl solutions dissolved with Ar or Kr. The position of the satellite peaks corresponded with those obtained in the gas-phase fluorescence experiments. They attributed the satellite peak to B → X transition of Rb noble-gas van der Waals molecules. Choi et al. 50) also claimed the gas phase origin from the investigation of the effect of a small amount of ethanol on the Na line width and intensity. The line width increased with the ethanol concentration because of the collisional interactions of excited Na atoms with the hydrocarbon products of ethanol decomposition besides the interactions with noble gas.
The observed quenching of Na emission upon addition of ethanol was accounted for by the interactions with unsaturated hydrocarbons and H2, which are produced during the decomposition of ethanol.
The dissolved gas dependence of K emission was investigated in KCl solution by Hayashi and Choi 51) as shown in Fig. 11 . The K line doublets at 766.6 and 770.0 nm for Xe (a) and Ar (b) saturation were asymmetrically broadened to the red side, while that for He (c) saturation was symmetrically broadened and slightly shifted to the blue side. The dashed lines in each figure indicate the normalized flame spectrum of KCl, which represents the instrumental spectral shape. These results agree well with the gas phase spectroscopic studies of alkali-metal atom emission52). Numerous data have been compiled on the line broadening and shift as functions of the density of foreign gas perturbers. The result of the dissolved-gas effect suggests that the site of alkali-metal emission is the gas phase inside bubbles. Assuming an adiabatic compression process, they obtained the conditions of 3480 K and 585 atm at the bubble collapse. The only difference from the previous spectroscopic studies is the line shift for Xe and Ar perturbers. Although the line should be shifted to the red side according to the spectroscopic studies, the spectra in Figs. 11(a) and 11(b) seem to be unshifted from the original K doublet represented by the dashed line. This contradiction will be solved by considering two components of the K doublet, which are discussed later.
The effect of a surfactant, such as sodium dodecyl sulfate (SDS), on the behavior of a cavitation bubble extends in many ways, as reviewed by Ashokkumar and Grieser 53) . The effects on bubble dynamics such as rectified diffusion growth, bubble coalescence, and bubble size distribution cause the changes in SL intensity, final temperature at bubble collapse, and acoustic emission. It is interesting that Na emission is remarkably enhanced in SDS aqueous solution with the concentration of a few mM. SDS molecules adsorb at the bubble/liquid interface because of their hydrophobicity, inducing bubbles to be negatively charged. Na+ ions dissociated from SDS are attracted in the vicinity of the bubble/liquid interface by a Coulomb force. This situation is called the electric double layer. The local concentration of Na+ ions is, therefore, extremely high compared with the bulk of the solution.
Sunartio et al. 54) reported that the intensity of Na emission in SDS solution was more than 100 times larger than that in NaCl solution. On the basis of this enhancement of Na emission in SDS solution, Sostaric et al. 55) proposed that the site of Na emission is a hot condensed phase at the bubble/liquid interface. They inferred that the electronical excitation of Na is made by the reduction of Na+ ions by water molecules in the ion's hydration shell.
Hayashi and Choi 56) carried out the spectroscopic study of the sonication-time effect on Na emission in SDS solution. Figure 12 (a) shows an SL photograph from an argon-saturated 10 mM SDS solution contained in a cylindrical glass cell. The spatial distributions of Na emission (orange) and the continuum emission (blue white) are clearly separated, indicating that both emissions originate from different bubble populations. The SL spectra of Na emission were collected at every 3 min for the total sonication time of 30 min. The spectra are shown in Fig. 12(b) for the cases of the sonication time of 0-3, 3-6, 6-9 and 27-30 min. labeled "a" to "d", respectively. The line labeled "e" denotes the spectrum obtained from NaCl in a flame indicating the instrumental spectral shape. The intensity decreased with the sonication time, and interestingly spectral profile itself changed with the sonication time. This change in the spectral profile with the sonication time was not observed in NaCl solution.
The intensity reduction in the Na spectrum can be explained by the decomposition of SDS molecules.
The SDS molecules adsorbed on the bubble surface are injected into the bubble as droplets including the surrounding dense Na + ions, and are decomposed by heat and/or OH radical attack at bubble collapse, producing various decomposition gases such as H2, CO and CH4. These gases will quench the SL itself because the final temperature is reduced owing to the endothermic reactions of decomposition and a lower specific ratio of these gases compared with that of the noble gas. Further, these gases are known to have a direct quenching effect on Na emission. The variation of the spectral profile can be well understood if we consider that the Na lines are composed of two types of emission, narrow lines I and broadened lines II, as represented in the inset of Fig. 12(b) . The narrow lines showed no line shift and their width was nearly equal to that of the flame spectrum e. The true width of the narrow line, therefore, cannot be known. The peaks of the broadened lines underwent a red shift from the original D lines and asymmetric broadening. The narrow lines were quenched at a higher rate than (a) (b) the broadened lines with increasing sonication time. At the end of sonication, only the broadened lines remained. Using this two component model of the Na emission, the noble gas dependence of K spectrum shown in Fig. 11 can be elucidated. The broadened lines observed for the cases of Xe and Ar dissolution are interpreted as being red shifted.
A new question arises: what is the mechanism generating the narrow and broadened components? Is it possible to distinguish these two components experimentally? Nakajima et al. 57) performed experiments to separate the two components spatiotemporally by capturing the SL spatial distribution and SL pulses using different optical filters. A bandpass filter N centered at 589.3 nm with FWHM of 1.18 nm and a bandpass filter B centered at 592.5 nm with FWHM of 1.57 nm can transmit the narrow and broadened lines, respectively. The spectral profiles of Na emission using these filters are shown in Fig. 13(a) . Figure 13 . The different bubble populations of the two components were ascertained in the experiment of SL pulses. When the SL pulses of the narrow component were observed, no pulses of the broadened component were observed simultaneously. The results by the present author's group on alkali-metal emission showed that alkali-metal atom emission includes the broadened and narrow components, and the blue satellite peak. The broadened component and the blue satellite peak originate from strong interactions between alkalimetal atoms and a noble gas in the bubble. Figure 14 powers are 4.2, 17, and 67 W/cm 2 from the upper to the lower row 61) . In the cases of water and NaCl solution, the spatial distributions show the wedge shape at all powers. In the case of 68% glycerin aqueous solution, the spatial distribution shows a bulbous shape only at 4.2 W/cm 2 . This contrast is caused by the difference in bubble structure generated in the solution with a different viscosity. The cause of the conical bubble structure was explained by Dubas et al. 62) The bubble layer is formed on the horn surface with a higher bubble density at the center and a lower bubble density at the periphery, acting like a sound-field focusing lens. The amplitude of sound field attenuates rapidly by the highdensity bubbles. This causes the conical bubble structure, resulting in the wedge shape of SL distribution. The bulbous shape in 68% glycerin solution at 4.2 W/cm 2 may be caused by the absence of the bubble layer on the horn surface and hence the absence of the lensing effect. The absence of the bubble layer is attributed to the change in bubble dynamics caused by the high viscosity. The bubbles in viscous liquid are smaller and more spherical than those in water. An exact explanation of this bubble dynamics needs further research. Using a horn transducer, Xu et al. 62) reported clear separation of orange Na emission from blue-white continuum emission in a solution of 0.1 M Na2SO4 in 95% sulfuric acid, as shown in Fig. 16 . Na emission arises from rapidly moving bubbles in a streaming liquid flow outside of the dense clouds, whose collapse is much less symmetric and from which emission from nonvolatiles becomes possible through the mechanism of nanodroplet injection 63) . This observation favors the droplet model over the heated shell model of Na emission.
Summary and conclusions
Acoustic cavitation provides a unique field of high-temperature and high-pressure conditions that are created by the implosive bubble collapse. Chemical reactions and light emission are generated under these extreme conditions. The fundamentals of bubble dynamics and mechanism of SL were briefly reviewed together with some experimental results. The bubble bubble interactions cause bubble oscillation to be nonspherical and also cause bubbles to form a cluster or cloud. Hence the bubble dynamics have a strong effect on SL intensity.
SL from alkali-metal salt solution has long been interested. Our experimental results of spectroscopic studies on alkali-metal atom emission strongly suggested that the location of the emission site is in the gas phase inside bubbles. The bubble population generating the alkali-metal atom emission and blue white continuum emission is quite different in MBSL. The alkali-metal atom emission arises from lower temperature bubble which oscillates nonspherically. The emission line is broadened and shifted from the original D line, and this is because van der Waals molecules are formed between the alkali-metal atom and noble-gas atom. The alkali-metal atom line which exhibits no broadening and no shift was newly found to superpose on the broadened and shifted line. The new line may originate from a higher temperature condition in the bubble, but the exact origin is unresolved.
Nonvolatile alkali-metal ions enter bubble by means of liquid droplets at the events of bubble coalescence and fragment. This conclusion may provide useful information on the application of sonochemistry in solutions including nonvolatile species.
